The dynamic importance of spanwise vorticity and vortex filaments has been assessed in steady, uniform open-channel flows by means of particle image velocimetry (PIV). By expressing the net force due to Reynolds' turbulent shear stress, ( ) 
Much of the evidence for hairpin vortices derives from velocity vector fields and spanwise (z) vorticity fields measured on a planar slice of the flow, usually in the streamwise (x)-wall-normal (y) plane, by PIV. Roughly circular, concentrated regions of spanwise vorticity in the x-y measurement plane are interpreted to be the cross-sections of vortex filaments in the heads of the hairpins (Adrian et al. 2000b) . The vorticity-containing filament, also called a vortex core (Chakraborty et al. 2005) , is surrounded by inviscid, induced flow whose streamlines in the cross-sectional plane of the vortex filament are roughly circular when viewed in a coordinate system moving with its centre. It is notable that although vortex is widely taken to mean vortex filament in turbulence (Marusic and Adrian 2013) , the commonly defined vortex also contains the essential characteristics of the flow induced by a vortex filament (Chakraborty et al. 2005) . The long, thin vortex filaments are one type of vortex in a picture that also contains vortex shear layers and vortex blobs. The flows around these filaments are known to be important to the mean structure of turbulent flow. However, while filaments and patterns consistent with hairpin vortices are widely observed in two-dimensional PIV experiments, many investigators using three-dimensional DNS report difficulty in seeing the hairpin shaped filaments in three-dimensional simulations, causing some to question the significance and even the existence of hairpins (Del Alamo et al. 2006 ).
The three-dimensional simulation of a boundary layer starting from laminar flow and passing through transition by Wu and Moin (2009) where the Reynolds number is larger and DNS researchers report difficulty in observing hairpins . Del Alamo et al. (2006) report only "clusters of vortices", not hairpin packets, in channel flow, and see vortex legs sticking up from the wall region, but they do not see the hairpin heads connecting the legs in the downstream regions of the boundary layer, well beyond transition. They also see that the legs often appear to be one sided, i.e., a left but no right, as shown earlier by Guezennec et al. (1989) .
The failures to see hairpin heads or missing legs may be artefacts of three-dimensional visualization of turbulent fields caused by the levels of vorticity being lower in the heads than the legs, or in one leg versus the other, and it is conceded that visualization of well-formed packets at high Reynolds number is difficult. Even Baltzer et al. (2013) reported difficulty.
On the other hand, there is three-dimensional visualization evidence for hairpins and hairpin packets in the work of Elsinga et al. (2010) and Dennis and Nickels (2011) , and if one interprets the regions of compact transverse vorticity and swirling strength to be consequences of hairpins intersecting the x-y plane, then there is ample evidence for the existence of hairpins. Thus, the resolution of these conflicting observations is important to the progress of turbulence research, and it is desirable to determine the existence and significance of filamentary vortex heads using means other than qualitative visualization.
Much is known about these filamentary vortices. For example, the region just above the buffer layer is found to be densely populated with young, first generation hairpins, and their number decreases across the logarithmic layer and into the wake region (Carlier and Stanislas 2005 , Wu and Christensen 2006 , Pirozzoli et al. 2008 , Stanislas et al. 2008 , Herpin et al. 2010 . These vortex filaments propagate on average more slowly than the mean velocity (Pirozzoli et al. 2008 , Gao et al. 2011 . The size of the filamentary vortices increases slowly with wall-normal position (Carlier and Stanislas 2005 , Pirozzoli et al. 2008 , Stanislas et al. 2008 . When scaled with the local Kolmogorov length-scale, η, the mean diameter is about 8-12η (Tanahashi et al. 2004 , Pirozzoli et al. 2008 , Stanislas et al. 2008 , Tanahashi et al. 2008 , Gao et al. 2011 , Marusic and Adrian 2013 .
However, the dynamic importance of vortex filaments in wall turbulence is not fully understood. While most turbulent flow research focuses on the Reynolds shear stress, the net force per unit volume or more rigorously, the mean effect of turbulent inertia (Morrill-Winter and Klewicki 2013), is equally important. It is defined as the divergence of the Reynolds stress tensor,
where ρ is the fluid density, and 
where (x, y, z)=(x 1 , x 2 , x 3 ), and (u, v, w)=(u 1 , u 2 , u 3 ) represent the streamwise, wall-normal and spanwise components of position and velocity. Klewicki (1989) expressed the net force in this case in terms of two velocity-vorticity correlations,
where ω y and ω z are fluctuating vorticity components in the wall-normal and spanwise directions, and the overbar denotes time averaging. Equation (3) is derived directly from the well-known vorticity form of the non-linear term in Navier-Stokes equation
under the conditions that the streamwise and spanwise gradients of the mean turbulent kinetic energy vanish in wide, fully developed wall flows, or they can be neglected (a standard approximation for turbulent boundary layers).
The relationship in Eq. (3) shows unequivocally that spanwise vorticity and wall-normal vorticity are essential to the creation of net force. Klewicki's (1989) experiments indicated that the two velocity-vorticity correlations are roughly equal in turbulent boundary layers.
Later, Klewicki et al. (1994) found that features of the velocity-vorticity correlations coincide well with the vortex models proposed by Falco (1991) and Smith et al. (1991) in the near wall region. Recently, by measuring the spectra of velocity, vorticity and their co-spectra, Priyadarshana et al. (2007) further established that the velocity-vorticity interactions responsible for the "scale selection" feature of the co-spectra could be interpreted properly by the hairpin vortex packets proposed by Adrian et al. (2000b) . These authors implied a tight connection between the net force and vortex filaments in wall turbulent flows, especially the filaments that constitute hairpins and hairpin packets. But, to make this conclusion well-grounded, it must be established that the spanwise vorticity is indeed due to filaments in order to make the association with hairpin heads. Nezu and Rodi (1986) . A superscript + denotes quantities normalized by the friction velocity u τ and kinematic viscosity ν.
The x-axis is oriented along the main flow, parallel to the flume bed, the y-axis is normal to the bed and pointing toward water surface, and the transverse z-axis is normal to the flume side wall with an origin at the centreline on the flume bed. The PIV experiment parameters are summarized in Table 2 . The camera is externally triggered to sample one pair of images per second to achieve statistical independence between successive velocity fields (based on the field of view and bulk mean velocity). Within each image pair, the time interval between the first frame and the second frame is determined by the frame rate of the camera (the frame rate is adjustable when the camera is used in ROI mode). Before the acquisition of images in each experimental case, the frame rate of the camera is adjusted according to the water velocity so that the maximum displacement of particle images from the first frame to the second frame satisfies the one-quarter rule (Adrian 1991) . For each image, the exposure time is fixed to be 150µs to minimize the influence of streaking while maintaining the light intensity of particle images. A total number of 5000 image pairs are sampled in each experimental case to guarantee statistical convergence.
Particle images are analysed with a multi-pass, multi-grid window deformation method similar to that of Scarano (2002) . During image interrogation, a Gaussian window-weighting function is applied automatically to avoid the effect of the edge of the interrogation window.
The correlation peaks are interpolated using three-point one-dimensional Gaussian peak fitting in two dimensions. The resultant velocity fields of each iterative stage are validated using the normalized median test proposed by Westerweel and Scarano (2005) , and outliers are replaced by Gaussian-kernel weighted interpolation (Adrian and Westerweel 2011) . The validated velocity fields are then smoothed before the next iterative stage to prevent the possible unstable behaviour of the interrogation process (Kim and Sung 2006) . The interrogation window size in the final iterative step is 16×16 pixels with 50% overlap. Inner scaled vector grid spaces, Δx + and Δy + , are listed in Table 2 . 
Net force and its connection with spanwise vortex filaments

Properties of net force
To explore the relative importance of the correlation terms involving spanwise and wall-normal vorticity in Eq. In Fig. 2 , the region between the curves of ⟨vω z ⟩ and ⟨wω y ⟩ is shaded to indicate the magnitude of the net force. The net force changes signs at y p , corresponding to the location of the maximum of Reynolds stress. At y p , the profiles of ⟨vω z ⟩ and ⟨wω y ⟩ intersect, resulting in a zero net force. In the region below y p , the net force is positive, as ⟨wω y ⟩ exceeds ⟨vω z ⟩.
Acceleration of the flow near the wall increases the mean velocity gradient at the wall and causes turbulent wall shear stress to exceed that of the laminar case. In the region above y p , ⟨wω y ⟩ increases more quickly than ⟨vω z ⟩, leading to negative net force that reduces the mean flow velocity in the core of the flow. The behaviour of the mean velocity depends upon the delicate difference between ⟨vω z ⟩ and ⟨wω y ⟩. It may be useful to note that drag reduction can be accomplished either by making ⟨vω z ⟩ more negative, or ⟨wω y ⟩ less negative in the region below y p . From Fig. 2 one can conclude that the features of the net force profile and the mean velocity profile would change dramatically if the contribution from ⟨vω z ⟩ were neglected.
Morrill-Winter and Klewicki (2013) further demonstrated that ⟨vω z ⟩ is largely dominant over ⟨wω y ⟩ on a domain that approaches the boundary layer thickness with the increasing of Reynolds number. Thus, spanwise vorticity is essential to turbulence as we know it.
The wall-normal evolution of inner scaled ⟨vω z ⟩ + and ⟨wω y ⟩ + are presented as a function of y + in Figs. 3(a) and 3(b), respectively. In the near-wall region, ⟨vω z ⟩ + decreases sharply in the logarithmic layer while approaching the wall (see Fig. 3(a) ). This tendency is also observed in the DNS results of Crawford and Karniadakis (1997) . The Reynolds number dependency in the logarithmic region reported by Klewicki et al. (1994) and Priyadarshana et al. (2007) is not observed in the present study, possibly because the span of Reynolds number is narrow in the present study. In the outer region, ⟨vω z ⟩ + increases slightly with wall-normal position, but remains negative. In Fig. 3(b) , ⟨wω y ⟩ + increases from a negative peak in the buffer layer and becomes slightly positive in the outer region. A similar result is also reported by Crawford and Karniadakis (1997) . The Reynolds number dependence of ⟨wω y ⟩ + is not readily observed, due to the narrow span of Reynolds number in the present study. is the root-mean-square value of Λ ci at wall-normal position y and λ ci is the imaginary part of the complex eigenvalue of the two-dimensional velocity gradient tensor (Zhou et al. 1999 , Adrian et al. 2000a . Similar methods were used by Natrajan et al. (2007) and Herpin et al. (2010) That is, spanwise vortex filaments crossing the x-y plane always have spanwise vorticity, but some portions of the regions containing spanwise vorticity do not qualify as filaments. Thus, spanwise vorticity is due to both spanwise vortex filaments and non-filamentary structures.
Since spanwise vortex filaments are tightly associated with spanwise vorticity, their relationship with net force is investigated by calculating the contribution of prograde (retrograde) vortex filaments to the total mean value of ⟨vω z ⟩,
, ,
where i is summed over the number of streamwise grid points in each velocity realization and the number of realizations in the ensemble. The indicator function, I p(r) , is given as 
It distinguishes grid points that fall within the boundary of identified vortex filaments from all others. For example, the absolute percentage contribution from retrograde vortex filaments in case OCF380 is about 10% compared to 15%-20% in case OCF740. Although the absolute percentage contribution from retrograde vortex filaments is less than that from prograde ones, the fact that population of retrograde vortex filaments is only about half of prograde ones in the outer region (Carlier and Stanislas 2005 , Wu and Christensen 2006 , Herpin et al. 2010 and the intensity of spanwise vorticity within retrograde vortex filaments is weaker (Camussi and Di Felice 2006) suggests that they are almost as efficient in net force production as prograde vortex filaments. In total, the spanwise vortex filaments contribute about 45% to ⟨vω z ⟩ while occupying only less than 9% (figures are not shown) of the total area within the region 100 <y + < 0.9R τ . The remainder of ⟨vω z ⟩ must be attributed to sheets or blobs, or large, but weak, spanwise vortex filaments that are not identified by the present criterion. 
Contribution of spanwise vortex filaments to Reynolds stress
The contribution of spanwise vortex filaments relative to the total Reynolds stress is computed as a fraction of the total In general, the spanwise vortex filaments themselves contribute little to the Reynolds stress.
On the other hand, the conditionally averaged Reynolds stress inside a vortex filament has a profile (not shown) only slightly less than the total Reynolds stress. Thus, the small contribution of the filaments is due to their compact size occupying a small fraction of the flow volume.
In similar experiments in a channel flow and a turbulent boundary layer, Wu and
Christensen (2006) To interpret partially why spanwise vortex filaments contribute little to the Reynolds stress, the -uv field and spanwise vortex filaments of a typical velocity field (same as Fig. 4 and 
Mean properties of spanwise vortex filaments
It has been shown that spanwise vortex filaments make important contributions to the net force, and that their induced-motions also play an important role in Reynolds-stress production in open-channel flow. The properties of these vortex structures are discussed in this section.
Vortex population densities
Following Wu and Christensen (2006) , the population density of vortex filaments is defined herein as the ensemble-averaged number of prograde (retrograde) spanwise vortex filaments divided by the non-dimensional area of the sampling window in which vortical centres reside.
To facilitate analysis, rectangular sampling windows are used with a wall-normal height of 3Δy and a streamwise width of L x (equal to the streamwise field-of-view in each PIV experiment). Given the total number of prograde (retrograde) vortex filaments residing in the sampling window centred at y, N p(r) , the inner-scaled population density is
and the outer-scaled population density is 
Mean radius
Quantification of vortex filament diameter depends on several factors, including choice of cross-sectional plane perpendicular to the direction of vortex filament (Gao et al. 2011) , the criterion for defining the vortex filament (Chakraborty et al. 2005) , and the method of describing vortex cross-section geometry (Maciel et al. 2012) . In the present research, the swirling strength threshold is used to determine the boundary of a vortex filament, and the radius of a vortex filament is computed as R A π = , where A is the vortex area determined by using the algorithm proposed by Gao et al. (2011) . the wall grow as they move toward the outer region. Similar wall-normal evolution is also observed in channel flow and turbulent boundary layer flow (Carlier and Stanislas 2005 , Pirozzoli et al. 2008 , Herpin et al. 2010 , Gao et al. 2011 , Maciel et al. 2012 , although the values differ somewhat among the studies, owing to the varying methods used to calculate the vortex radius as well as the way vortex radius is defined. The decreasing mean radius above y + =0.8R τ is believed to result from the surppression of larger vortices by the free surface. For fixed wall-normal positions, the prograde vortices are larger than retrograde vortices in agreement with Pirozzoli et al. (2008) and Maciel et al. (2012) .
Convection velocity
The instantaneous velocity at the centre of each vortex filament is its convection velocity. Adrian et al. (2000b) , and the numerical results of Pirozzoli et al. (2008) and Gao et al. (2011) . Although Carlier and Stanislas (2005) and Wu and Christensen (2006) both asserted that the spanwise vortex filaments convected with the local mean velocity on average, their experimental results showed that the convection velocity is really slightly smaller than the local mean velocity. The maximum velocity deficit, about 0.4u τ, appears in the range 0.2R τ <y + <0.5R τ . that the wall-normal convection of spanwise vortex filaments makes them significant to net force production. In a supersonic low Reynolds number turbulent boundary layer, Pirozzoli et al. (2008) reported that vertical convection velocity of retrograde spanwise vortex filaments increases monotonically from zero to about 0.4u τ at the outer edge of boundary layer. The difference is probably due to a flow type effect or a Reynolds number effect.
Observations of the streamwise convection velocity of prograde spanwise vortex filaments being less than the horizontal mean and upwards are fully consistent with the idea of hairpins propagating backward and upward with respect to the mean flow, due to vortex induction (Adrian et al. 2000b ) (see the sketch in Fig. 12(a) ). The backward induced motion makes a hairpin vortex convect more slowly than the surrounding flow and the upward induced motion lifts it away from the wall. Since the origion of retrograde spanwise vortex filaments in wall turbulence is still not totally clear (Natrajan et al. 2007) , proper interpretation of their convection velocity is not attempted in the present study. In contrast to net force, the spanwise vortex filaments contribute little to the Reynolds stress. The contribution from prograde spanwise vortex filaments is less than 7%, and it is likely to decrease further with increasing Reynolds number. For retrograde spanwise vortex filaments, the contribution to Reynolds stress increases with wall-normal position with a maximum of 2% located at about y/h=0.8. The average Reynolds stress within the filaments is nearly the same as the local average Reynolds stress of the entire flow, so the small net contribution of the filaments must be due to the small fraction of the mean flow volume that they occupy. The spatial relationships between concentrated -uv patches and spanwise vortex filaments presented here, as well as quantitative results of Ganapathisubramani et al. (2003) and Wu and Christensen (2006) , all demonstrate that the induced motions of vortex filaments contribute much more significantly to the Reynolds stress than the vortex filaments. It is very interesting that the induced, inviscid motion is important to the Reynolds shear stress, but it is the motion of the viscous vortex filament cores that is important to the net force and, ultimately, the shape of the mean velocity profile and the wall friction. Even here, the induced fields play an important role because they are the agency causing motion of the vortex cores. 
